An O-acetylserine sulfhydrylase (OASS) from the hyperthermophilic archaeon Aeropyrum pernix K1, which shares the pyridoxal 5-phosphate binding motif with both OASS and cystathionine ␤-synthase (CBS), was cloned and expressed by using Escherichia coli Rosetta(DE3). The purified protein was a dimer and contained pyridoxal 5-phosphate. It was shown to be an enzyme with CBS activity as well as OASS activity in vitro. The enzyme retained 90% of its activity after a 6-h incubation at 100°C. In the O-acetyl-L-serine sulfhydrylation reaction, it had a pH optimum of 6. 
In bacteria such as Escherichia coli and Salmonella enterica serovar Typhimurium and in plants, L-cysteine is synthesized from L-serine in two steps (16, 27) . Serine acetyltransferase (SAT) (EC 2.3. OAS ϩ sulfide 3 L-cysteine ϩ acetic acid (2) E. coli and S. enterica serovar Typhimurium produce two OASS isoenzymes (OASS-A and -B). OASS-B is preferentially used for the biosynthesis of L-cysteine during anaerobic growth conditions (11) and is able to utilize thiosulfate instead of sulfide to produce S-sulfo-L-cysteine (33) 
(equation 3):
OAS ϩ thiosulfate 3 S-sulfo-L-cysteine ϩ acetic acid (3) SATs and OASSs have been purified from several bacterial sources, such as E. coli and S. enterica serovar Typhimurium, as well as from higher plants, and their characteristics have been investigated (16, 27) . OASS exists as a dimer and contains pyridoxal 5Ј-phosphate (PLP).
In mammals, on the other hand, L-cysteine is synthesized from L-methionine (15) . L-Methionine is converted to L-homocysteine by the actions of methionine adenosyltransferase (EC 2.5. 
CBSs from humans and Saccharomyces cerevisiae exist as tetramers and multimers (17, 24) . Human CBS contains heme in addition to PLP (22) . SAM activates CBSs from human and S. cerevisiae (5, 35) . CBSs from S. cerevisiae, mammals, and Trypanosoma cruzi retain activity with respect to L-serine sulfhydrylation reaction (26, 34, 35, 37) 
The three-dimensional structures of S. enterica serovar Typhimurium OASS-A and human CBS without the C-terminal amino acid sequence from position 414 to 551 indicate that the amino acid residues surrounding the PLP binding site are conserved between OASS and CBS (6, 29) .
In S. cerevisiae, sulfur is first incorporated into L-homocys-teine by means of the enzyme coded for by MET17/MET25, which acts as both O-acetylhomoserine sulfhydrylase (EC 4.2.99.10) and OASS in vitro. L-Cysteine is then synthesized from L-homocysteine as well as from L-methionine via reverse a transsulfuration pathway (equations 4 to 8) (7, 36) . In the case of archaea, little is known concerning the pathway of L-cysteine biosynthesis despite the efforts of several investigators (3, 4, 25, 43) . By a complementation analysis using a cysteine auxotrophic E. coli strain, the gene encoding OASS has been identified in the genome of Methanosarcina barkeri (25) . The genes encoding SAT and OASS are adjacent to each other in the genomes of both M. barkeri (25) and Methanosarcina thermophila (3) . OASS has been purified from cell extracts of M. thermophila and characterized (4) . On the other hand, the results of genome sequencing analyses of archaea have shown that the genomes of Aeropyrum pernix, Pyrobaculum aerophilum (12) , Pyrococcus abyssi, Pyrococcus furiosus, Sulfolobus solfataricus, Sulfolobus tokodaii (19) , Thermoplasma acidophilum, and Thermoplasma volcanium (21) contain genes that have sequence similarity with OASS (25) . Both SAT and OASS are required for the synthesis of L-cysteine, according to equations 1 and 2. However, no genes with a sequence similarity to SAT have yet been identified in these archaea.
A. pernix K1 is a hyperthermophilic archaeon that grows optimally in a temperature range of between 90 and 95°C (38) . The putative product of the gene (open reading frame [ORF] APE1586) encoding OASS from A. pernix consists of 389 amino acids with a subunit molecular mass of 42 kDa (20) . The physiological function of OASS in these archaea, including A. pernix, is presently unclear. We have recently attempted to clarify the physiological role of A. pernix OASS with respect to L-cysteine biosynthesis in A. pernix cells, and the results of this investigation are reported here.
MATERIALS AND METHODS

Materials.
The sources of materials used in this study were as follows: Lcysteine, sodium sulfide, and sodium thiosulfate were from Wako Pure Chemical Industries (Osaka, Japan); HiTrap Q HP and Superdex 200 pg were from Amersham Biosciences (Freiburg, Germany); OAS, PLP, L-homocysteine thiolactone, and L-cystathionine were from Sigma-Aldrich (St. Louis, Mo.); and S-sulfo-L-cysteine was from Tocris Cookson (Bristol, United Kingdom). All other reagents were of reagent grade.
Cloning of the gene. The gene (ORF APE1586) encoding OASS was amplified from A. pernix genomic DNA by PCR with KOD DNA polymerase (Toyobo, Osaka, Japan) with 5Ј-GCCCTCGCCGACATAAGTGGTTACCTGGAC-3Ј as the upper primer and 5Ј-TATGGATCCTAGACCGAGTCTCCGGCTCCT-3Ј as the lower primer. The BamHI restriction enzyme site in the lower primer is indicated by an underline. To prepare the vector plasmid, pET-3d (Novagen, Madison, Wis.) was digested with NcoI and blunt ended with T4 DNA polymerase, followed by digestion with BamHI. The PCR-amplified gene was digested with BamHI and ligated into the vector plasmid. The resultant plasmid was designated pAPE1586. By using this method, the initial codon of the gene APE1586, GTG, was changed to ATG to permit efficient expression of the enzyme in E. coli.
Cultivation of the cells. The E. coli Rosetta(DE3) strain (Novagen) was transformed with plasmid pAPE1586. Cultivation of the cells was done by a modification of the method of Kery et al. (23) . The transformant cells were grown in 1 liter of NZCYM medium (39) containing 100 g of ampicillin per ml, 34 g of chloramphenicol per ml, 0.001% pyridoxine, and 0.001% thiamine, with or without 0.3 mM 5-aminolevulinic acid (ALA), with reciprocal shaking at 100 rpm and 37°C. When the absorbance at 600 nm of the culture medium reached around 0.5, isopropyl-␤-D-thiogalactopyranoside was added to the medium at a final concentration of 0.01 mM. The cells were allowed to grow for an additional 19 h and were then washed with 0.9% NaCl and frozen at Ϫ80°C.
Enzyme purification. The cells (5.9 g [wet weight]) were suspended in 150 ml of 50 mM potassium phosphate buffer (pH 7.5) containing 2 mM EDTA, 1 mM dithiothreitol, 0.2 mM PLP, and 0.15 M NaCl (buffer A) and then sonically disrupted with a homogenizer (model 450D; Branson Ultrasonics Corp., Danbury, Conn.) at 90 W for 3 min on ice. Cell debris was removed by centrifugation (18,000 ϫ g for 30 min at 4°C). PLP was added to the supernatant at a concentration of 1 mM, and the mixture was stirred for 30 min at 4°C. This solution was regarded as the crude extract. The crude extract was heated at 85°C for 20 min. The supernatant was recovered by centrifugation (18,000 ϫ g for 20 min). The supernatant was fractionated with ammonium sulfate. The precipitate that formed at 50% ammonium sulfate saturation was recovered by centrifugation and dissolved in 7 ml of 50 mM potassium phosphate buffer (pH 7.5) containing 2 mM EDTA, 1 mM dithiothreitol, and 0.2 mM PLP (buffer B). This solution was dialyzed against buffer B at 4°C. The dialysate was placed on a HiTrap Q HP column (1.6 by 2.5 cm) equilibrated with buffer B and eluted by using a linear increase of NaCl concentration in buffer B from 0 to 1 M at a flow rate of 2 ml/ min. The enzyme fractions that eluted between 0.3 and 0.4 M NaCl were collected and concentrated with a Centricon 10 filter (Amicon, Beverly, Mass.). The enzyme solution was placed on a Superdex 200 pg column (2.6 by 61 cm) and eluted with buffer A at a flow rate of 1.5 ml/min. The enzyme fractions were concentrated and dialyzed against buffer A at 4°C. The enzyme solution at a final concentration of 20 mg/ml was stored at Ϫ80°C.
Enzyme assays. PLP was added to all assay solutions at a concentration of 0.2 mM. For the OAS sulfhydrylation reaction, the assay mixture (0.3 ml) contained 100 mM potassium phosphate buffer (pH 6.7), 20 mM OAS, 1 mM sodium sulfide, 1 mM EDTA, and an enzyme concentration of 0.0027 mg/ml. For the S-sulfo-L-cysteine synthetic reaction, the assay mixture was the same as that used for the OAS sulfhydrylation reaction except that the reaction pH and enzyme concentration were pH 6.1 and 0.01 mg/ml, respectively, and sodium thiosulfate was used instead of sodium sulfide at a concentration of 20 mM. Reactions were carried out for 4 min and then stopped by the addition of 0.15 ml of 20% trichloroacetic acid. The solutions were centrifuged at 18,000 ϫ g for 3 min. A 0.3-ml portion of the supernatant was used to determine the amount of L-cysteine or S-sulfo-L-cysteine by the method of Gaitonde (14) . For the L-cystathionine synthetic reaction, the assay mixture (0.3 ml) consisted of 100 mM sodium carbonate buffer (pH 8.3), 30 mM L-serine, 0.7 mM L-homocysteine, and an enzyme concentration of 0.067 mg/ml. L-Homocysteine was prepared from Lhomocysteine thiolactone as described by Drummond et al. (9) . Reactions were carried out for 20 min. Thirty-microliter aliquots of solutions were withdrawn and mixed with 6 l of 6 N HCl. The solutions were centrifuged at 18,000 ϫ g for 3 min. A 20-l portion of the supernatant was dried and treated with phenylisothiocyanate. The resulting phenylthiocarbamoyl-cystathionine was measured by using a Wakosil-PTC column (4 by 150 mm) (Wako) connected to a highpressure liquid chromatography system (DP-8020; Tosoh, Tokyo, Japan) monitored at 254 nm and 40°C. Elution was done by using a linear increase of acetonitrile concentration from 6 to 46% in 60 mM sodium acetate buffer (pH 6.0) at a flow rate of 1 ml/min. Measurement of the activity of the L-serine sulfhydrylation reaction was done under conditions identical to that used for the OAS sulfhydrylation reaction described above except that OAS was replaced with 20 mM L-serine and that 100 mM sodium carbonate buffer (pH 8.5) and 0.1 mg of the enzyme per ml were used. The L-cysteine desulfurization reaction was done by a modification of the method of Flint et al. (13) . The assay mixture (0.6 ml) consisted of 100 mM N-tris(hydroxymethyl)methyl-3-aminopropanesulfonic acid (TAPS)-NaOH buffer (pH 8.5), 2.5 mM L-cysteine, 5 mM dithiothreitol, and an enzyme concentration of 0.25 g/ml. Reactions were carried out for 15 min in a screw-cap vial to avoid leakage of the sulfide vapor produced. The amount of sulfide was measured by the method of Esaki et al. (10) .
Reaction mixtures without enzyme were used as blanks. One unit of enzyme activity was defined as the amount of enzyme required to catalyze the formation of 1 mol of product per min.
Effect of temperature on enzyme activity and stability. The OASS and CBS activities for A. pernix OASS were measured in the assay solutions described above in a temperature range of 20 to 90°C. A 0.8-ml portion of the enzyme solution (0.3 mg/ml) was incubated at 4 or 100°C for 6 h in 50 mM potassium phosphate buffer (pH 6.1, 6.7, 7.5, or 8.5) containing 2 mM EDTA and 0.2 mM PLP to examine the thermal stability of the enzyme. The relative remaining S-sulfo-L-cysteine synthetic activities were measured at 85°C as described above. The activity prior to incubation was set to 100%.
Kinetic analyses. The S-sulfo-L-cysteine synthetic reaction, OAS sulfhydrylation reaction, and L-serine sulfhydrylation reaction were carried out at 85, 60, and 70°C, respectively, in 3 ml of the assay mixtures as described above. For the S-sulfo-L-cysteine synthetic reaction, the concentrations of OAS and sodium thiosulfate were varied from 5 to 30 mM. For the OAS and L-serine sulfhydrylation reactions, the concentrations of OAS and L-serine were changed from 5 to 100 mM and from 5 to 120 mM, respectively, at a fixed sodium sulfide concen-tration of 2 mM. The concentration of sodium sulfide was varied between 0.2 and 2 mM with 20 mM OAS or with 100 mM L-serine. After 40, 80, 120, 160, and 200 s of incubation, 0.22-ml portions of the solutions were withdrawn and mixed with 0.11 ml of 20% trichloroacetic acid. The solutions were centrifuged, and 0.3-ml portions of the supernatants were then used to determine the amount of S-sulfo-L-cysteine and L-cysteine by the method of Gaitonde (14) . A kinetic analysis of the L-cystathionine synthetic reaction was done at 85°C with the assay mixture described above. The concentrations of L-serine and L-homocysteine were changed from 2.5 to 30 mM at a fixed L-homocysteine concentration of 1.5 mM and from 0.15 to 1.5 mM at a 30 mM concentration of L-serine, respectively. A 30-l portion of the reaction mixture was withdrawn after 5, 10, and 15 min of incubation. The L-cystathionine produced was determined as described above.
Kinetic constants for the S-sulfo-L-cysteine synthetic reaction were determined by using an equation that represents a ping-pong bi-bi mechanism (40) . Kinetic constants for the L-cystathionine synthetic reaction and the OAS and L-serine sulfhydrylation reactions were determined by using the Michaelis-Menten equation (40) .
Purification and identification of a coproduct in the L-cysteine desulfurization reaction. L-Cysteine (100 mM), dithiothreitol (500 mM), and A. pernix OASS (0.08 mg/ml) were allowed to react for 1.5 h at 85°C in 3 ml of 100 mM TAPS-NaOH buffer (pH 8.5). The reaction was stopped by the addition of 70 l of 6 N HCl. A 35-l portion of the solution was injected onto a YMC-Pack ODS-A column (20 by 150 mm) (YMC, Kyoto, Japan) connected to a highpressure liquid chromatography system (Tosoh CCPS). Elution was accomplished with 0.5% acetonitrile containing 0.1% HCl at a flow rate of 7.9 ml/min and monitored by absorbance at 210 nm. This chromatography was repeated for a total of 10 times. Fractions (80 ml) containing a coproduct were evaporated and then lyophilized. The concentration of the product was determined by means of an amino acid analyzer (L-8500; Hitachi, Tokyo, Japan) with the averaged peak area of an amino acid standard solution (type H; Wako). Approximately 2 mg of the coproduct was subjected to one-and two-dimensional 1 H nuclear magnetic resonance (NMR) analyses. One-dimensional 1 H NMR spectra of L-cysteine and dithiothreitol were also measured as controls. For the matrixassisted laser desorption ionization-time-of-flight mass spectrometry (MALDI-TOFMS) experiment, approximately 1 g of the purified product was used. Spectroscopic measurements. Absorption spectra of A. pernix OASS were obtained at room temperature with a UV-1600PC spectrophotometer (Shimadzu, Kyoto, Japan). The PLP content of the enzyme was determined by the procedure described by Kaplan and Flavin (18) . NMR experiments were done with a JEOL-JNM A-500 spectrometer (500 MHz) (Oxford Instruments, Oxford, United Kingdom). All NMR spectra were measured in D 2 O solution containing 3-(trimethylsilyl)-1-propanesulfonic acid (Merck, Darmstadt, Germany). MALDI-TOFMS experiments were done with a Voyager DE-STR mass spectrometer (PerSeptive Biosystems, Framingham, Mass.). ␣-Cyano-4-hydroxy cinnamic acid (Sigma-Aldrich) was used for calibrating the instrument, and 2,5-dihidroxybenzoic acid (Sigma-Aldrich) was used as the matrix.
Sedimentation equilibrium experiment. The molecular mass of the native enzyme was determined by using an Optima XL-A analytical ultracentrifuge (Beckman Instruments, Fullerton, Calif.) at 20°C.
Protein assay. Protein concentrations were determined with a DC protein assay kit (Bio-Rad, Hercules, Calif.) with bovine serum albumin as a standard.
SDS-PAGE. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out according to the method of Laemmli (28) N-terminal amino acid sequence analysis. Approximately 2 g of the purified enzyme was developed by SDS-PAGE and then blotted electrically onto a SequiBlot polyvinylidene difluoride membrane (Bio-Rad). The N-terminal amino acid sequence was determined by the Takara customer service center.
Multiple-sequence alignment. Amino acid sequences of the A. pernix proteins were obtained from the database of genomes analyzed at the National Institute of Technology and Evaluation (http://www.bio.nite.go.jp:8080/dogan/MicroTop). The amino acid sequences of known OASSs and CBSs were obtained from the EMBL database. The amino acid sequences were aligned by using the CLUSTAL W software program (42) .
RESULTS
Multiple-sequence alignment. The deduced amino acid sequence of A. pernix OASS (ORF APE1586) had the following sequence identities: 31% with S. enterica serovar Typhimurium OASS-B, 26% with M. thermophila OASS, 24% with S. enterica serovar Typhimurium OASS-A, 21% with spinach chloroplast OASS, 20% with human CBS, 15% with S. cerevisiae CBS, and 21% with an A. pernix protein (ORF APE1223) predicted to be CBS. Alignment of the amino acid sequences of these enzymes showed that the A. pernix OASS shares the PLP binding motif (6, 29) with both OASS and CBS (Fig. 1) . The A. pernix OASS has an additional amino acid sequence of around 75 amino acid residues at the N terminus compared to S. enterica serovar Typhimurium OASS-A and -B, M. thermophila OASS, and S. cerevisiae CBS. The amino acid residues, Cys-52 and His-65, responsible for the binding of heme for human CBS (29) were not conserved in A. pernix OASS. The C-terminal region, corresponding to residues 414 to 551 of human CBS and residues 354 to 507 of S. cerevisiae CBS, which are required for both the binding of SAM and the dimer-dimer interaction (17, 24) , was absent from the A. pernix OASS.
Purification and physical properties of the enzyme. E. coli Rosetta(DE3) carrying plasmid pAPE1586 was cultivated in medium without ALA, a precursor of heme. A. pernix OASS was purified by using the recombinant E. coli cells. Table 1 summarizes the purification of A. pernix OASS. Approximately 64 mg of A. pernix OASS was obtained in a yield of 29% on the basis of the activity of the OAS sulfhydrylation reaction. Purification yields calculated from activities of the S-sulfo-L-cysteine and L-cystathionine synthetic reactions and the L-cysteine desulfurization reaction were 30, 29, and 28%, respectively. The purified enzyme was homogeneous on an SDS-polyacrylamide gel, with an apparent subunit molecular mass of 42 kDa (Fig. 2 ). An N-terminal sequence analysis of the first seven amino acid residues of the purified protein showed that the residues were identical to those obtained from the A. pernix genome sequence database except that an initial Met residue was missing, probably due to the action of methionine aminopeptidase from E. coli (2) . A sedimentation equilibrium experiment with A. pernix OASS indicated a molecular mass of 70,583 Da. Considering the subunit molecular mass of A. pernix OASS, it is likely that the A. pernix OASS exists as a dimer. The absorption spectrum of A. pernix OASS exhibited two peaks at 280 and 412 nm. The appearance of the peak at 412 nm indicates the formation of a Schiff base with PLP (30) . The peak at 428 nm, typical for the heme observed for human CBS (22) , was not present in the absorption spectrum of A. pernix OASS. A. pernix OASS was prepared from recombinant E. coli cells that had been cultivated in medium supplemented with ALA at a purification yield of 24%. The enzyme showed the same spectrum as that of the A. pernix OASS purified previously. The ratio of the absorbance at 280 nm to that at 412 nm for A. pernix OASS was 6.2. This is high compared with those of OASS-As from E. coli (4.0) (13) and S. enterica serovar Typhimurium (3.5) (1). The PLP content of A. pernix OASS was found to be 1.2 per enzyme subunit. Incubation of the purified A. pernix OASS in the presence of PLP at a concentration of 2 mM for 4 h at 4°C failed to increase the activity of the OAS sulfhydrylation reaction. These findings indicate that the purified A. pernix OASS is a holoenzyme.
Effect of pH and temperature on enzyme activity and stability. The pH dependencies of the enzyme activities observed for A. pernix OASS are shown in Fig. 3 . The optimal pHs for the OAS sulfhydrylation and S-sulfo-L-cysteine synthesis reac-
on November 10, 2017 by guest http://jb.asm.org/ tions were in a slightly acidic region (Fig. 3A) , whereas those for the L-cystathionine synthesis, L-serine sulfhydrylation, and L-cysteine desulfurization reactions were in the alkaline region ( Fig. 3B and C) . The activity of the L-cystathionine synthetic reaction measured at pH 8.3 was unaffected by the addition of SAM at a concentration of 0.5 mM to the assay solution.
A plot of the observed activity for the S-sulfo-L-cysteine synthetic reaction against temperature showed that the A. pernix OASS exhibited the highest activity at or above 90°C. On the other hand, the activity of the OAS sulfhydrylation reaction showed maxima at both 70 and 80°C. In the case of the Lcystathionine synthetic reaction and L-serine sulfhydrylation reaction, both activities had a maximum at 80°C. The A. pernix OASS retained around 90% of its activity after the enzyme solutions had been incubated for 6 h at 100°C at pH 6.1 and 6.7. The relative remaining activities of the enzyme solutions incubated at pH 7.5 and 8.5 were 56 and 11%, respectively. No loss of enzyme activities was observed for enzyme solutions stored at 4°C. a The activity of the OAS sulfhydrylation reaction was measured at 60°C as described in the text.
Kinetic analyses. Double-reciprocal plots of the initial velocity for the S-sulfo-L-cysteine synthetic reaction were represented as a series of parallel lines. This indicates that the S-sulfo-L-cysteine synthetic reaction followed a typical pingpong bi-bi mechanism, which was identical to the kinetic mechanism of the OAS sulfhydrylation reaction for OASS-As from E. coli and S. enterica serovar Typhimurium (31, 41) . In this mechanism, OAS first binds to the enzyme to form a Schiff base with PLP, releasing acetic acid. Second, thiosulfate attacks the ␣-aminoacrylate intermediate of the enzyme to form S-sulfo-L-cysteine. At low concentrations of thiosulfate, a slight inhibition by OAS was observed. The kinetic parameters for the reactions of S-sulfo-L-cysteine synthesis and OAS sulfhydrylation for A. pernix OASS are summarized in Table 2 . The kinetic parameters for the reactions of L-cystathionine synthesis and L-serine sulfhydrylation are shown in Table 3 . The kinetic constants obtained for known OASSs and CBSs are also shown in Tables 2 and 3 for comparison. It can be seen that the k cat value for the OAS sulfhydrylation reaction for A. pernix OASS differed by two orders of magnitude from those for the L-cystathionine synthetic reaction and L-serine sulfhydrylation reaction for A. pernix OASS. The apparent K m values for sulfide for A. pernix OASS were the lowest among those for the substrates in the reactions catalyzed by A. pernix OASS.
Identification of a coproduct of the L-cysteine desulfurization reaction. The L-cysteine desulfurization reaction for A. pernix OASS was dependent on the concentration of dithiothreitol in the reaction mixture. The activity reached a maximum at a dithiothreitol concentration of 40 mM when L-cysteine was present at a concentration of 2.5 mM in the assay solution. It has been reported that E. coli OASS-A and -B catalyze the formation of sulfide from L-cysteine in the presence of dithiothreitol (13). Flint et al. proposed a reaction mechanism for L-cysteine desulfurization for E. coli OASS-A and -B (13) . In this mechanism L-cysteine first binds to the enzyme to form a Schiff base with PLP. Sulfide is then released from the enzyme-bound L-cysteine. Dithiothreitol then attacks the ␣-aminoacrylate intermediate to form S-(2,3-hydroxy-4 thiobutyl)-L-cysteine. The second product has never been identified. The coproduct of the L-cysteine desulfurization reaction for A. pernix OASS was purified and subjected to NMR and MALDI-TOFMS analyses. Figure 4A and B show one-dimen- In panels A and B, citrate-NaOH buffer (E), potassium phosphate buffer (‚), and sodium carbonate buffer (ᮀ) were used. In panel C, 2-morpholinoethanesulfonic acid-NaOH buffer (F), TAPS-NaOH buffer (OE), and cyclohexylaminopropanesulfonic acid-NaOH buffer (s) were used.
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O-ACETYLSERINE SULFHYDRYLASE FROM A. PERNIX 2281 sional 1 H NMR spectra of the substrates L-cysteine and dithiothreitol as controls, respectively. The resonances centered around 4.22 and 3.10 ppm arise from the C-1 and C-2 protons of L-cysteine, respectively (Fig. 4A) . The resonances centered around 3.70 and 2.67 ppm are assigned to the C-2 and C-1 protons of dithiothreitol (Fig. 4B) . The relative ratios for the areas under each envelope were 1.0 and 2.2, respectively, for L-cysteine and 1.0 and 2.0, respectively, for dithiothreitol. Figure 4C shows a one-dimensional 1 H NMR spectrum of the coproduct purified from the reaction mixture of the L-cysteine desulfurization for A. pernix OASS. Considering the NMR spectra of L-cysteine and dithiothreitol ( Fig. 4A and B) and the two-dimensional NMR spectrum of the purified coproduct (data not shown), six envelopes of resonances centered around 3.98, 3.88, 3.70, 3.13, 2.83, and 2.73 ppm were identified as the protons belonging to C-1, C-4, C-5, C-2, C-3, and C-6, respectively, of S-(2,3-hydroxy-4-thiobutyl)-L-cysteine (Fig. 4C) . The relative ratios for the areas under each envelope were 1.0, 0.88, 0.81, 0.80, 1.5, and 3.6 (sum of the envelopes of the resonances centered around 2.83 and 2.73 ppm), respectively. MALDI-TOFMS data for the purified coproduct showed a single peak corresponding to a mass of 241.98. This is in good agreement with the mass of the protonated molecular ion for S-(2,3-hydroxy-4-thiobutyl)-L-cysteine, 242.052. These results indicate that the coproduct formed with dithiothreitol in the L-cysteine desulfurization reaction for A. pernix OASS was, in fact, S- (2,3- 
Substrate specificities for the L-cysteine desulfurization reaction. Substrate specificities for the L-cysteine desulfurization reaction were examined at 85°C in the assay mixture described in Materials and Methods, except that various compounds were added in the place of L-cysteine or dithiothreitol. 
DISCUSSION
Little is known concerning the pathway of L-cysteine biosynthesis in archaea, despite several investigations (3, 4, 25, 43) . In this study, A. pernix OASS was purified from recombinant E. coli cells and characterized with respect to its physical and catalytic properties.
The purified A. pernix OASS existed as a dimer with one molecule of PLP per subunit of the enzyme, consistent with other OASSs (1, 8, 13, 32) . Unlike human CBS, the A. pernix OASS lacked heme and existed as dimmer, and the CBS activity for A. pernix OASS was unaffected by the addition of SAM. The pH optimum for the OAS sulfhydrylation reaction for A. pernix OASS, 6.7 (Fig. 3A) , was compatible with that of Thermus thermophilus OASS (pH 7) (32) but was in the acidic region compared to those of E. coli OASS-A (pH 8 to 9.5) (31) and spinach chloroplast OASS (pH 7.5 to 8.5) (8) . The pH optimum for the L-cystathionine synthetic reaction for A. pernix OASS, 8.1 to 8.8 (Fig. 3B ), was consistent with those for CBSs from humans (pH 8.4 to 9.0) (26) and S. cerevisiae (pH ϳ8.5) (17) . The difference between the pH optimum for the OAS sulfhydrylation reaction and that for the L-cystathionine synthetic reaction for A. pernix OASS suggests that the catalytic mechanisms of the reactions are different. As is typical of enzymes of hyperthermophiles, the A. pernix OASS was most active at or above 90°C for the S-sulfo-L-cysteine synthetic reaction and was highly stable during incubation at 100°C.
The kinetic parameters for the reactions catalyzed by A. 
A. Table 2 ). The k cat values for the L-cystathionine synthetic reaction and L-serine sulfhydrylation reaction for A. pernix OASS were lower than those for known CBSs (Table 3) . For the OAS sulfhydrylation reaction, the apparent K m value for sulfide for A. pernix OASS seems to be compatible with those for known OASSs, but that for OAS for A. pernix OASS was high (Table 2 ). For the S-sulfo-L-cysteine synthetic reaction, the A. pernix OASS showed a higher K m value for thiosulfate than that for S. enterica serovar Typhimurium OASS-B, although the deduced amino acid sequence of A. pernix OASS had the highest identity with that of S. enterica serovar Typhimurium OASS-B. For both the L-cystathionine synthetic reaction and the L-serine sulfhydrylation reaction, the apparent K m values for L-serine for A. pernix OASS were higher than those for known CBSs, whereas that for sulfide for A. pernix OASS was lower than those for the CBSs ( The A. pernix OASS used various thiol compounds and pyrazole in lieu of dithiothreitol to release sulfide from L-cysteine. It has been reported that E. coli OASS-A utilizes several different nucleophiles instead of dithiothreitol in the L-cysteine desulfurization reaction (13). Flint et al. identified the nonproteineous amino acids formed with the nucleophiles homocysteine, cysteine, azide, and 2-mercaptoethanol for E. coli OASS-A by amino acid analysis and mass spectral analysis (13) . They also predicted that a nonproteineous amino acid formed with dithiothreitol is S-(2,3-thiohydroxybutyl)-L-cysteine according to the proposed reaction mechanism, but they did not identify it. We first identified the coproduct formed with dithiothreitol as S-(2,3-thiohydroxybutyl)-L-cysteine in the L-cysteine desulfurization reaction for A. pernix OASS by NMR and MALDI-TOFMS analyses. These results suggest that the L-cysteine desulfurization reaction for A. pernix OASS proceeds in the same manner as that for E. coli OASS-A. The rate constant for the L-cysteine desulfurization reaction for A. pernix OASS was 84 s Ϫ1 when the assay was carried out at 2.5 mM L-cysteine and 5 mM dithiothreitol at pH 8.5. This is higher than the rate constants for E. coli OASS-A (0.005 s Ϫ1 ) and OASS-B (0.015 s Ϫ1 ) (13) . It has been speculated that OASS and CBS would have diverged from an ancestral enzyme (35) . However, the issue of how an ancestral enzyme might have evolved or diverged into the individual enzymes involved in the different pathways of L-cysteine biosynthesis remains unclear. This study revealed that the A. pernix OASS had CBS activity as well as OASS activity in vitro. There are, to our knowledge, only two enzymes that exhibit the activities of both OASS and CBS; these are S. cerevisiae CBS (35) and T. cruzi CBS (34) . Based on the findings obtained in this study, it appears that the A. pernix OASS retains the properties of an ancestral enzyme that would have diverged later into individual enzymes with narrower substrate specificities and higher rate constants and by reducing the catalytic efficiencies of other reactions. Information concerning the three-dimensional structure of A. pernix OASS might be helpful in understanding how an ancestral enzyme might have diverged into the individual enzymes involved in the different pathways of L-cysteine biosynthesis.
